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Abstract. Further details of the "warming" of bottom water flowing through 
the Verna Channel, first reported by Zenk and Hogg [1996], are given. Because 
cross-channel gradients of temperature are large and the channel is narrow, careful 
analysis is required to determine whether or not the bottom water temperature 
minimum was adequately sampled by a particular station or cruise. During a 
period from 1972 to 1996, at least 14 visits with quality hydrographic measurements 
have been made to the region. Of these, 11 were judged successful, and their 
data indicate an abrupt rise in potential temperature by 0.03øC from -0.18øC to 
-0.15øC in the early 1990s that has remained until the latest observation in the 
spring of 1996. Although this observation is consistent with the report of warming 
of Antarctic Bottom Water in the Argentine Basin by Coles et al. [1996], their 
associated conclusion that this water mass has also freshened by 0.008 psu (on 
potential density surfaces) is in contradiction with our finding of no measurable 
change. 
1. Introduction 
Long-term measurements of deep water characteris- 
tics in the ocean are rare and usually accomplished as 
transoceanic sections which are infrequent and badly 
aliased, both in space and time. Deep passages are 
believed to control the flow of bottom water between 
abyssal ocean basins [e.g., Whitehead, 1995] and are 
logical locations to monitor changes in bottom water 
characteristics. One such passage that has received reg- 
ular attention since about 1972 is the Vema Channel, 
a deep connection between the Argentine and Brazil 
Basins of the western South Atlantic near 30øS and 
40øW (Figure 1). Seven separate cruises to the area be- 
tween 1972 and 1991 all observed that the coldest water 
flowing through the channel was remarkably stable at 
-0.184 4- 0.006øC potential temperature. 
As a part of the Deep Basin Experiment (DBE) of 
the World Ocean Circulation Experiment (WOCE), a 
moored array was set across the Santos Plateau- Rio 
Grande Rise region in early 1991. It included finer spa- 
tial resolution within the Vema Channel. This array 
was recovered in late 1992, and hydrographic stations 
were made at each mooring site, both on deployment 
and recovery [Tarbell et al., 1994]. Although potential 
temperatures measured on deployment were consistent 
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with previous measurements, those on recovery indi- 
cated a warming of 0.03øC to-0.15øC, which appeared 
to continue rising to the level of-0.13øC on a subse- 
quent cruise [Zenk and Hogg, 1996]. Both hydrographic 
data and moored data were consistent in showing warm- 
ing of the bottom water flowing not only through the 
Vema Channel and over the Santos Plateau to the west, 
but also the Hunter Channel to the east from current 
meters recovered 1• years later. 
Since these indications of warming were reported by 
Zenk and Hogg [1996], several more visits have been 
made to the Vema Channel. It is the intent of this paper 
to describe the further evolution of the phenomenon and 
to reassess the historic database. 
2. Cruises to the Verna Channel 
Although the Vema Channel was discovered during 
the Deutsche Atlantische Expedition of the 1920s (iden- 
tified first as the "Rio Grande Rinne" by Maurer and 
Stocks [1933]) and hydrographic stations were made in 
its vicinity, the first station to penetrate to the depths 
of the channel was Geosecs station 59 made in Novem- 
ber 1972. Over the succeeding quarter century, at least 
13 additional visits have been made, and two moored 
arrays have been deployed in the passage (see Table 1). 
The period since 1990 has been especially active as work 
has intensified in the Brazil Basin as part of the DBE. 
Three locations along the channel axis have been 
favored by investigators. Early work (Geosecs, Cato 
and Chain 115) was concentrated near mid-length, just 
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Figure la. The southern boundary region of the Brazil Basin showing the major topographic 
features and locations of moorings with instrumentation within the Antarctic Bottom Water 
layer. 
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Figure lb. Chart of the Vema Channel region (area 
within box in Figure la) showing hydrographic stations 
used in the analysis. The Vema Channel is the ma- 
jor conduit for exchange of bottom water between the 
Argentine and Brazil Basins. Symbols identify the dif- 
ferent cruises that are used to construct Figure 3. 
north of where it splits into two branches (• 30ø10•S), 
and a single station was made at this location by Me- 
teor 22 in 1993 as part of WOCE section A10. The most 
complete coverage was by Atlantis H 107 in 1980 with 
six sections covering the whole channel from its entrance 
in the Argentine Basin to its exit in the Brazil Basin. 
The exit section (• 28ø 15•S) has been visited twice since 
then. The Meteor 15 cruise, the first to have swath 
bathymetric capability, identified the location of the sill 
[Zenk et aL, 1993] and occupied a finely resolved sec- 
tion at this latitude (• 31ø12•S) as well. This was near 
where the Thomas Washington Marathon Cruise (leg 8) 
traversed the channel in late 1984 [Zemba, 1991], and 
this section has been revisited another four times (Me- 
teor 22 and 34, COROAS I, and Polarstern ANT XII). 
In this report we are focusing on the temperature 
and other properties of the coldest water mass flow- 
ing through the Vema Channel, identified by Reid et al. 
[1977] as Weddell Sea Deep Water, the most dense com- 
ponent of what is popularly known as Antarctic Bottom 
Water (AABW). This is a small lens of relatively ho- 
mogeneous water found along the eastern wall of the 
channel, when within the channel, but along the west- 
ern boundary otherwise [Johnson et al., 1976; Hogg et 
al., 1982]. As few of the visits to the region have made 
highly resolved sections (Table 1) and cross-channel gra- 
dients are large (Figure 2), it is first necessary to •sess 
the station positions with respect to this core layer. 
The early Vema Channel work predates the availabil- 
ity of accurate navigation. Because the east-west di- 
mensions of the eastern wall of the Vema Channel are 
just a few kilometers, the bottom depth is often a bet- 
ter indication of location than recorded station position. 
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Table 1. Cruises and Expeditions to the Vema Channel 
Number of 
Cruise/Expedition D ate S t ations 
Used 
Comments 
DAE Aug. 1925 4 (43-46) 
Geosecs, leg 6 Nov. 1972 I (59) 
Cato, leg 6 Nov. 1972 3 (13, 14, 51) 
Chain 115, leg 6 April 1974 4 
AII-107, leg 2 Oct. 1979 I (76) 
AII-107, leg 8 May 1980 12 (111-118) 
Marathon, leg 9 Nov. 1984 5 
Meteor 15, leg I Jan. 1991 13 
Meteor 22, leg 4 Dec. 1992 7 
Meteor 22, leg 5 Jan. 1993 1 
COROAS I March 1993 I (24) 
COROAS II March 1994 I (220) 
Polarstern ANT XII Nov. 1994 1 
James Clark Ross 10 May 1995 3 
Meteor 34, leg 3 March 1996 6 
Deutsche Atlantische Expedition 
used a "thermograd" [Johnson 
et al., 1976] 
includes a "yo-yo" 
part of WOCE section All 
Brazilian WOCE contribution 
part of WOCE section A23 
In any case, these deep flows are highly constrained by 
the bottom topography and tend to follow bottom con- 
tours. For our purpose we will use geographic position 
solely as an indicator of whether a station was made to 
the east or west of the channel axis. 
3. Time Changes 
Aboard the Meteor in late 1992 it was clear from com- 
parison of the hydrographic data obtained on the de- 
ployment and recovery cruises that a significant warm- 
ing had occurred in the bottom water. Although this 
subject has been dealt with elsewhere [Zenk and Hogg, 
1996], we will update and add to that treatment by 
showing that there is an associated weakening of the ve- 
locity field (section 5) within the AABW and give more 
details on the structure of the warming trend within the 
Verna Channel. 
One of the pieces of evidence cited by Zenk and Hogg 
[1996] was the change in the coldest emperature to be 
observed within the Vema Channel at various times over 
the past 20 years, beginning with Geosecs station 59 
in 1972. Because there are substantial cross-channel 
temperature variations 
the strong velocity shears, the assessment of temporal 
change is difficult to separate from spatial variation, 
especially for isolated stations or coarsely sampled sec- 
tions. Within the confines of the channel, Hogg et al. 
[1982, Figure 12] (see also Figure 2) have shown that 
the coldest water is banked to the right (looking down- 
current to the north), while at the entrance and exit, 
the opposite is true. A similar configuration is also 
seen in the Hunter Channel [$peer and Zenk, 1993] and 
the Vema Fracture Zone in the Mid-Atlantic Ridge at 
liøN [McCartney et al., 1991]. Hogg et al. [1982] also 
found no substantial change in the coldest water along 
the full length of the channel, some 400 km, although 
even colder water (~ -0.195øC) was found on the most 
southern transect which reached southward into the Ar- 
gentine Basin. 
In order to locate the extremum of bottom potential 
temperature with respect to the expected location of the 
cold lens on particular cruises, we have plotted bottom 
temperature versus height above the channel axis depth 
as defined by the deepest station at that locale (Fig- 
ure 3). The depth is multiplied by the sign of the dis- 
tance east of the channel axis: as stated previously, we 
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F•gure 2. A "typical" highly resolved cross section of 
potential temperature from within the Vema Channel. 
This is constructed from the Meteor 15 data set but is 
similar to that obtained by AII-107 [Hogg et al., 1982, 
Figure 12]. Note the location of the temperature mini- 
mum on the eastern wall of the passage. 
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Figure 3. Potential temperature at the bottommost 
point (typically 10 m above actual bottom) for sta- 
tions on indicated cruises versus the height of the bot- 
tom above the axis depth (in meters) multiplied by the 
sign of the zonal displacement of the station from the 
axis. The locations of the stations can be cross refer- 
enced with Figure 1, where the same symbols are used. 
(a) For sections and stations near the Verna Channel 
sill. (b) For sections and stations near midlength of 
the Verna Channel. (c) For sections and stations at the 
northern exit or mouth of the Verna Channel. 
use this abscissa, as older cruises did not have the navi- 
gational control of modern cruises, whereas their depth 
sounding was quite accurate. Plots of bottom tempera- 
ture versus this measure at the three well-sampled sec- 
tions are shown in Figure 3. Although the deepest point 
of a cast is usually more than 5 m above the bottom and 
varies from cruise to cruise, this variability is not par- 
ticularly important in the Verna Channel, where thick, 
nearly homogeneous layers are usually present. 
Sections at the sill transect (Figure 3a) have optimal 
spatial resolution, AII-107 and Meteor 15 being the best 
of those. Consistent with Figure 2, we see that temper- 
ature reaches its minimum value just to the east of the 
channel axis before it abruptly increases, a feature re- 
sulting from the precipitous change in bottom depth 
of several hundred meters over a short distance. We 
can also see that the other cruises sampled this cold 
lens with varying degrees of success. For example, the 
Thomas Washington Marathon cruise, although gener- 
ally well resolved, failed to make a station to the east 
of the axis, and its bottom temperatures lie between 
those of AII-107 and Meteor 15 elsewhere. However, 
Meteor cruise 22 was successful in this endeavor, and 
the 0.03øC temperature rise, so indicated, is the ba- 
sis for Zenk and Hogg's [1996] conclusion of a warming 
trend. The latest sample comes from Meteor 34 in early 
1996 and indicates that the warming has ceased and the 
coldest water has leveled off at -0.157øC. The warmest 
station, to the east of the axis, belongs to the Brazilian 
COROAS II cruise and was obtained in March 1994. 
The differences between the AII-107 and Meteor 15 
distributions (Figure 3a) probably reflect their differ- 
ent locations along the channel, with Meteor 15 being 
farther south at the sill and AII-107 somewhat down- 
stream of that dynamically important location (Fig- 
ure 1). Hydraulic models [e.g., Hogg, 1983] show that 
the flow makes a transition from subcritical to super- 
critical at the sill and an abrupt change occurs in the 
isopycnal configuration. 
The Geosecs station was made farther to the north 
near where three other cruises have worked in the Vema 
Channel (Figure 3b). At this locale, Chain 115 [John- 
son et al., 1976] is the best resolved and includes two 
stations with potential temperatures slightly less than 
-0.18øC to the east of the axis. Geosecs station 59 
and one of the three Cato stations also sampled to the 
east of the axis and measured similarly cold bottom 
temperatures. As part of the A10 WOCE section at 
30øS, Meteor 22 made a single station within the chan- 
nel. Although this was very near the deepest part of 
the channel, its warm temperature (-0.135øC) is close 
to that of a similarly located Cato station, indicating 
that it failed to penetrate the cold lens and should not 
be included in our time series. 
In May 1995, the RRS James Clark Ross occupied 
a section (WOCE A23) across the exit of the Vema 
Channel [Heywood and King, 1996], nearly coincident 
with another section of the ttogg et al. [1982] program 
(Figure 3c). Although the earlier cruise continued to 
measure a minimum of-0.180øC at this location, by 
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Figure 4. Time series of temperature of the cold 
Weddell Sea Deep Water lens found within the Vema 
Channel. Only those measurements that can be located 
within the expected location of this lens are connected 
by line segments. The other three points are warmer 
because they appear to be to the west of the channel 
axis and not in the lens (see text). 
the time of the later cruise, the coldest temperature was 
just -0.09øC, an increase of 0.09øC that is consistent 
with continued warming at the rate of about 0.015øC/yr 
that was reported by Zenk and ttogg [1996]. However, 
it would appear from Figure 3c that neither this section 
nor a later one by Meteor (34) unambiguously sampled 
the cold lens. 
The coldest potential temperatures from all 13 Vema 
Channel cruises are plotted as a time series in Fig- 
ure 4. For reasons outlined above, we believe that those 
data from three of these failed to sample the cold lens: 
the Thomas Washington Marathon cruise, Meteor 22/5, 
and the James Clark Ross A23 WOCE section. Con- 
necting the remaining 10 with line segments, we see 
an abrupt transition from-0.18øC to -0.15øC around 
1992. 
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Figure 5a. Current meter time series of temperature 
for the deepest wo instruments on a mooring located at 
the Vema sill during 1991 and 1992. The deeper instru- 
ment suffers from nearly linear sensor drift, but both 
suggest hat the warming of 0.03øC may have occurred 
in just a few months at the beginning of the record. 
The first three digits of the instrument number give the 
mooring number, and the last digit the sequential num- 
ber of the instrument on the mooring. 
-0.14øC. This change occurs at a variety of timescales 
and could be interpreted as either a quick transition in 
the first 5 months or a more gradual drift with shorter 
timescale fluctuations. For comparison, an earlier 1981 
record at about the same depth and a position near the 
axis a little to the north is shown in Figure 5b [see Hogg 
et al., 1982]. Although the calibration uncertainties are 
comparable to the differences in these two records, the 
earlier record is about 0.02øC colder than the later, on 
average. 
5. Discussion 
Coles et al. [1996] discuss similar and possibly re- 
lated changes farther upstream in the Argentine Basin 
4. Supporting Time Series 
Zenk and Hogg [1996] presented measurements by 
moored current meters of temperature near the axis of 
the Vema Channel at the sill position. The two deep- 
est such measurements, converted topotential temper- 
ature. are reproduced in Figure 5a. The absolute cal- 
ibration is certainly no better than +0.01øC, render- 
ing the inversion that appears early in the record of 
unlikely significance. It is apparent that the deepest 
instrument suffers from a near linear drift, which has 
now been verified by a postcruise calibration. How- 
ever, over the nearly 2 years of observation the coldest 
temperatures at both levels are at the beginning of the 
record, and temperatures warm by • 0.03øC during 
the nearly 2-year record. Consistent with the discrete 
hydrographic sampling at the beginning and the end 
by the Meteor, the potential temperature rises from a 
minimum near -0.18øC and ends the period closer to 
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Figure 5b. As in Figure 5a except for an earlier 1981 
record obtained a little to the north along the axis. 
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Figure 6a. 0-$ plots for selected stations within the 
Vema Channel near its axis. See text. 
determined from a comparison of historical data (early 
1980s) and that obtained in the South Atlantic Venti- 
lation Experiment (SAVE, late 1980s). In particular, 
they show that the volume of deep and bottom water 
in the class (-0.25øC < 0 < -0.15øC) had decreased by 
1988, a feature that was most prominent in the south- 
west corner of the Argentine Basin. P. Saunders (per- 
sonal communication, 1996) suggests that this warming 
trend has continued until 1992-1993 with a further in- 
crease of about 0.02øC in bottom water potential tem- 
peratures (based on the WOCE All section at 45øS). 
In fact, by the time of the All section there remained 
no water along the deep western boundary colder than 
-0.18øC, whereas in the early 1980s it had been as cold 
as -0.220 C. 
A natural consequence of the northward flow in the 
western boundary current would be for this warming to 
appear in the Vema Channel region a few years later, 
although Coles et al. [1996] suggest hat the signal had 
already reached the Brazil Basin by 1989, again based 
on a comparison of SAVE with earlier data. 
Accompanying this loss of the coldest bottom water, 
according to Coles et al. [1996], has been a freshen- 
ing (and cooling!) of the O-S along potential density 
surfaces below 1øC. The Vema Channel data do not 
support this claim (Figure 6). The cruises for which 
good salinity calibrations exist fall within a fairly nar- 
row envelope and show no trend toward lower salinities 
with time. The Marathon station is generally the fresh- 
est, although there is a portion of the Meteor 22 station 
which is even fresher. 
As Reid et al. [1977] have shown, there do exist sizable 
spatial variations in deep water O-S along isopycnals in 
this region. For example, on the er4 = 46.13 surface, 
variations within the Argentine Basin are of the order of 
0.02 psu, substantially greater than the signal reported 
by Coles et al. [1996]. Hogg et al. [1982] report similar 
variations at the mouth of the Vema Channel which 
quickly disappear, presumably through mixing, within 
the channel. 
Longer term changes in deep water properties are 
even harder to judge (Figure 6b). Sampling of salinities 
and temperatures by the original Meteor survey dur- 
ing the 1920s was crude by today's standards, but the 
available data suggest water properties closer to "typi- 
cal" than those measured by the Marathon cruise. 
The warming phenomenon extends from the Vema 
Channel eastward to the Hunter Channel and westward 
to the shallower region over the Santos Plateau. Based 
on geostrophic velocity estimates, it also appears to 
be accompanied by a reduction in transport of AABW 
[Zenk and Hogg, 1996]. These trends, derived from the 
Meteor 15 and 22 hydrographic data, are supported 
by the moored time series measurements (Figure 7). 
Over the nearly 2-year record, temperature warmed at 
the rate of 0.1øC/1000 days (Figure 7a) over the San- 
tos Plateau. Note that this is warmer water than we 
have been discussing, although still within the AABW 
range (the correction to potential temperature is about 
-0.3øC). Upon entering the Brazil Basin through the 
Vema Channel, this water appears partially to recir- 
culate over the Santos Plateau (Figure 7b). The sign 
of the record-averaged trend in the velocity component 
normal to the mooring line is such as to decelerate the 
flow almost everywhere. Zenk and Hogg [1996] show 
that the transport of AABW, as calculated from the 
two hydrographic cruises spanning the moored records, 
is reduced from about 6 Sv to 4 Sv, a 33% change that is 
not inconsistent with the change in velocities estimated 
from Figure 7. 
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Figure 6b. As in Figure 6a for selected stations 
from the Thomas Washington Marathon, the Po- 
larstern ANT XII and the original Meteor cruises in 
the Deutsche Atlantische Expedition. Data from the 
last are discrete, and the symbols indicate the number 
of titrations used for each salinity determination. 
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Figure ?. Trends in temperature and velocity time se- 
ries calculated from those current meters that were po- 
sitioned within the AABW over the Santos Plateau and 
in the Vema Channel during 1991 and 1992. Vertical 
error bars are approximate standard errors assuming a 
10-day decorrelation time. (a) Temperature. (b) Cross- 
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6. Conclusions 
The warming trend within the bottom water, first 
reported by Coles et al. [1996] using 1988 SAVE data 
within the Argentine Basin and then observed by Zenk 
and ttogg [1996] in the Vema and Hunter Channels 
and o,:-• ,h, t•anfnq Plat.•a]] in th• •a.rly l.q.q0.q• ceased 
abruptly by 1992, leaving the coldest bottom water 
about 0.03øC warmer than it had been during the pre- 
vious two decades. At the same time there has been 
a measurable decrease in the northward bottom water 
transport. 
Use of the adjective "warming" carries with it the 
connotation of possible climate change. It is not clear 
from our data that water masses are being warmed (set- 
ting aside possible O-S changes reported by Coles et al. 
[1996]). Instead, it would appear that there has been a 
reduction in bottom water production (for our coldest 
temperatures [his is Weddell Sea Deep Water accord- 
ing to Reid et al. [1977]). Such a decrease would be 
expected to lead to a corresponding decrease in western 
boundary transport, a reduction in the flow through the 
southern boundary of the Brazil Basin, and an associ- 
ated relaxation of the horizontal temperature gradients 
with a resulting lowering of isotherms banked up against 
the western boundary and a consequent rise in bottom 
temperatures. 
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